Current statistical procedures used in the construction of isobolograms do not use recent advances in mathematical statistics. The variability in the experimental data is either ignored or incompletely accounted for in the analyses. The decision procedures currently used to characterize the type of interaction between two agents do not permit the determination of the level of statistical significance associated with a given conclusion. Furthermore, the often formidable sample size is not exploited in the current isobologram methodology. Statistical techniques exist that may be used to construct isobolograms and decision procedures with a reliable level of significance. An isobologram is a contour of constant response of the underlying doseresponse surface. Consequently, response surface methods (RSM) are useful in the estimation and analysis of isobolograms. The interaction between ethanol and chloral hydrate in female ICR mice was evaluated using the RSM approach by fitting the logistic model to quanta1 data. The loss of righting reflex was quantitated in mice 30 min after coadministration of the two drugs, injected IP on a body weight basis (mg/kg). The study consisted of 39 groups with 6 animals per group. Analysis of our data supports the conclusion of synergy between the drugs as reported by others; however, our results were obtained with a significantly smaller number of animals. These studies also demonstrate that response surface modeling can be used for determining additivity, synergism, and antagonism at a given preselected level of significance.
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FIG. 1 . The estimated dose-response surface for a combination of ethanol-chloral hydrate. The vertical axis, p, represents the proportion of animals responding by exhibiting the loss of righting reflex. not been developed. It is the purpose of this report to develop isobolograms from a statistical viewpoint. To accomplish this, attention is focused on a combination of two drugs and chemicals and a binary response, e.g., alive-dead, asleepawake, and so on.
A graph of the proportion of experimental subjects responding in a particular way plotted against the doses and concentrations of each of the components is a three-dimensional figure. Figure 1 is a plot of such a surface for the combination of chloral hydrate and ethanol when the end point is loss of righting reflex in mice. Another method for presenting such a figure is to produce contours of constant response. This effectively reduces the dimensionality by one, and the figure is somewhat easier to plot and interpret. Figure 2 presents a contour plot of the threedimensional surface given in Figure 1 . An isobologram is a plot of one of the contours of constant response, i.e., an isobol. Figure 3 is the isobologram associated with the ED,, for the chloral hydrat-thanol combination. Analysis of an isobologram requires a comparison of the observed isobol to the line of additivity, which is frequently constructed through the ED,,,% associated with each of the individual drugs or chemicals. If the isobol bends far enough beneath 'this line, supra-additivity (synergism) is claimed. On the other hand, if the isobol bends far enough above this line, infraadditivity (antagonism) is claimed. When the isobol does not deviate too far from this line, the interaction is described as additive.
In one part of their study of the combination of ethanol and chloral hydrate, Gessner and Cabana") considered 10 fixed doses of ethanol that were coadministered with any one of a range of chloral hydrate doses to at least 10 mice. From these data the chloral hydrate ED,& associated with loss of righting reflex were determined. In a similar manner, they obtained the ED,,'s for ethanol when coadministered in mixtures with each of 12 fixed doses of chloral hydrate. From these combination data and the ED,,s calculated for each of the drugs considered alone, an isobologram (Fig. 4) was constructed.
To determine if the observed isobol deviated too far from the line of additivity, these authors(') compared the 95% confidence interval for each of the ED,,s to the line drawn through the lower 95% confidence bounds for each single drug ED,,. Since one or more of the pointwise confidence intervals did not cross this line, synergism was claimed over part of the range of doses considered. It is of interest to consider the statistical properties of such a test for synergism. The procedure described suffers from the same problem associated with making multiple t-tests to compare the means of a number of treatment groups. In such cases, the probability of incorrectly rejecting the null hypothesis of equality of treatment means is inflated. Here the null hypothesis is one of additivity. Hence, the probability of incorrectly rejecting additivity and thereby concluding synergism is inflated. From Figure 4 , it can be determined that 19 comparisons were made, each at the 5% level of significance, since 95% confidence intervals were calculated. The probability of incorrectly rejecting additivity using the procedure described is 1-(0.95)19 = 0.6226. There are ways to adjust for the inflation of the probability of reaching a false positive conclusion when multiple comparisons are made. However, their use is recommended in cases where far fewer than 19 comparisons, e.g., 5 or 6, are involved. Effectively, such procedures would lengthen the confidence bands reported for each of the individual ED,,s reported in Figure  4 . Clearly, there is a need for another method of statistically characterizing the interaction of a combination of agents. 
MATERIALS AND METHODS

Development of statistical approach
To develop another approach to the statistical evaluation of the isobologram, consider the interaction index proposed by Berenbaum.(2) This index, derived from geometrical considerations, gives conditions under which the interaction associated with a combination of two drugs or chemicals can be characterized. Expressed algebraically, synergism, antagonism, and additivity can be claimed when is < 1, > 1, = 1, respectively. Here x , is the dose of drug or chemical No. 1 and x2 is the dose of drug or chemical No. 2 in combination with drug or chemical No. 1 that gives a loop% response rate. EDlw,( 1) and EDl00,(2) are the respective single agent EDIco,~. This relationship permits the identification of a parameter in a statistical model that is associated with the interaction of the components of the combination. Although the logistic model is used here, the result is independent of the form of the model. For example, with binary data, the result will also apply if the probit model is used.
The logistic model often is used to mathematically model the relationship between the proportion, p, of subjects responding in a given way and the doses or concentrations of the agents in combination. For a combination of two agents, this model can be written as The isobologram associated with the study of the combination of ethanokhloral = Po+ PIX, +PrU,+ BIrUlX2
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Po is an unknown parameter associated with the proportion responding to zero levels of each
Dl is an unknown parameter associated with the effect of the first drug or chemical.
P2 is an unknown parameter associated with the effect of the second drug or chemical.
PI2is an unknown parameter associated with the interaction of the two drugs or chemicals. x, and x 2 are the doses or concentrations of the respective drugs or chemicals.
In this formulation, the EDlo0ps for the respective compounds can be derived to be agent in the combination. This approach has some important consequences on the construction and analysis of isobolograms. It provides a mechanism for incorporating in the analysis the inherent variability of the biological system. Statistical methods, e.g., maximum likelihood, can be used to estimate the unknown model parameters from the observed data. After the estimates have been obtained, it is possible to test the adequacy of the statistical model by comparing the observed number of responses per treatment group to the number predicted by the model. If there is no indication of model inadequacy, it is reasonable to test the hypothesis of additivity; i.e., BIZ = 0, through use of the likelihood ratio test or other asymptotically equivalent approaches. It should be noted that these methods of testing yield a test at a given level of significance and are not subject to the criticisms associated with multiple comparisons. The isobols for any level of response, p, can be estimated by finding all values of xl, x2 such that
where above a parameter denotes the maximum likelihood estimator of the parameter. Additionally, the three-dimensional response surface can be plotted through use of readily available computer graphics packages, such as SAS/GRAPH.(n An important area of statistical research is concerned with the development of experimental designs that permit the estimation of model parameters with optimal statistical properties and with a minimal number of experimental points. The use of such designs in the study of drug and chemical combinations can be expected to result in the efficient use of resources. Specifically, it is reasonable to expect that these designs will require fewer experimental animals than are currently used to study the interaction of combinations of agents.
Experimental design
The experimental design used in this study consisted of 39 treatment groups. Female ICR mice were obtained from Dominion Labs (Dublin, VA). Mice amved at 6-7 weeks of age and were allowed to acclimate for at least 1 week. Animals weighed 20-25 g when the study was conducted. Animals were housed six per cage in plastic cages on sawdust bedding with tap water and Purina Laboratory Chow provided ad libitum. The animal quarters were maintained at 21-24°C and at 40-60% relative humidity. A 12-hr light4ark cycle was maintained. Chloral hydrate and ethanol were selected as test agents.
Chloral hydrate (Sigma Chemical Company) was prepared as a solution in physiological saline. Ethanol (95%) wis obtained from the Medical College of Virginia pharmacy and prepared in solution with physiological saline. Twenty-five of the treatment groups were generated from a 5 x 5 factorial design. Such a design requires five dosage levels for each drug. The treatment groups are formed by combining each level of one drug with every level of the other drug. The remaining 14 treatment groups consisted of seven levels of each of the two drugs. Each animal 2/6 4/6 5/6 6/6 6/6 0/6 0/6 0/6 0/6 3/6 0/6 0/6 0/6 6/6 4/6 0/6 0/6 5/6 5/6 6/6 0/6 4/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 2/6 2/6 2/6 3/6 4/6 5/6 4/6 within the treatment group was weighed and then administered the appropriate dose of chloral hydrate, immediately followed by the appropriate dose of ethanol. All drugs were administerd by IP injection. Each mouse was administered 0.01 ml/g body weight of each drug solution. Animals were evaluated for loss of righting reflex at 30 min after final drug treatment. The righting reflex was judged to have returned if the mouse righted itself (four feet on the table) four times in succession within a 1-min period. The proportion of responses observed in each of the treatment groups and the dosages used in each group are given in Table 1 . Each treatment group had 6 mice randomized to it. Thus the experiment required 234 animals.
RESULTS
Using the data obtained from the experiment described, the method of maximum likelihood was used to estimate the parameters in Eq. 2. The values of the estimates, their standard errors, and the P value associated with the test of significance for each of the model parameters is given in Table 2 . The P value associated with the x2 test of model adequacy is 0.66. Thus, there is no indication of lack of fit. This conclusion is further verified by noting the close agreement between the observed and predicted number of responses for each of the treatment groups ( Table 3) .
Given that the model can be described as providing an adequate representation of the dose-response relationship, it is of interest to consider the interaction term. As indicated in Table   2 , P,> is seen to be significantly different from zero (P = 0.0425) and positive. Consequently, it can be concluded that chloral hydrate and ethanol interact synergistically. The fitted model can be represented graphically. Figure 1 is a three-dimensional plot of the estimated dose-response surface. Figure 2 represents the estimated 20%, 40%, 60%, and 80% response contours. Figure 3 is the isobol associated with the 50% response rate. Each of the contours was obtained through use of Eq. 4 by allowing p, the proportion responding, to take on the appropriate value.
DISCUSSION
In his review of the various approaches used in the study of drug interactions, Wessinged4) indicates the need to study the statistical properties of various methods of constructing isobolograms. One of these methods is the one discussed in this article that was used by Gessner and Cabana.(') Because of the multiple comparisons required to characterize the interaction with this method, the level of significance associated with the conclusion is greatly inflated. By considering a properly parameterized statistical model, it is shown that Berenbaum's interaction index(2) is completely determined by a single model parameter. Consequently, a test of the hypothesis of additivity can be developed. The importance of this derives from the fact that the test can be run at a given predetermined level of significance without having to consider multiple comparisons.
After the model parameters have been estimated from the data and the model has been found to provide an adequate representation of the dose-response relationship, the estimated model equation can be used to produce informative plots of the relationship. Specifically, isobols associated with any level of response can be obtained through use of readily available computer graphics packages. This is in contrast to the experimental procedures now in use to produce an isobologram associated with a single level of response. It is interesting to note that our study required 234 animals, and the analysis permits the estimation of the complete dose-response surface.
The analysis presented here accounts for the simplest type of interaction, i.e., the one expressed as the cross-product term in Eq. 2. The effect of such an interaction is to cause the isobol to bow either above or below the line of additivity depending on the algebraic sign of the interaction coefficient. If more complex contours are expected, e.g., those that bow above and below the line of additivity over the experimental region, higher order interaction terms must be included in the model. For example, consider the model When put in the form of Eq. 3, this model becomes In this situation, Berenbaum's interaction index can be < 1 for some values of xI, x 2 and > 1 for other values. Consequently, the data could support antagonism and synergism over different parts of the experimental region. The existence of the more complex interaction can be tested statistically by determining if DIl2, PL2,, and P1122 are simultaneously zero. If this hypothesis can not be rejected, the presence of a simple interaction can be considered. Solana et al. (5) found it necessary to use these higher order interactions to describe the effects of the combination of ethylnitrosourea and cis-diaminedichloroplatinum on the formation of sister chromatid exchanges.
The ability to estimate and test for the existence of the more complex interaction is closely related to the experimental design. For a two-drug combination in which each drug is used at two levels and each dosage level of each drug is combined with each dosage level of the other, i.e., a 2 x 2 factorial experiment, it is possible to test only for the existence of a simple interaction. However, if a 3 X 3 factorial experiment is used, it is possible to test for the significance of Pl2 as well as BIl2, (3122, and P1122. In general, it can be shown that the number of dosage levels of a drug in a factorial experiment must be at least one greater than the highest exponent associated with that drug in the model equation. There are experimental designs requiring fewer treatment groups than the factorial design whose use should be considered in the study of drugs or chemicals in combination. However, discussion of them goes beyond the scope of this report.
The methods presented here can be extended to permit the analysis of an arbitrary number of drugs or chemicals in combination. However, characterizing the combination is more complex than is suggested by the interaction index proposed by Berenbaum.(2) Consider a combination of three agents. The interaction index would lead to the conclusion of synergism, antagonism, or additivity depending on whether the index is < 1, > 1 or = 1, respectively. Whenever three agents are combined, there are three simple two-agent interactions and the simple three-factor interaction that are possible. Including these terms in the statistical model results in Logit p = e n -= P o + PIX, + P 2 X 2 + P A +BI,xlx2+BI).XIXJ +P23X2X, + P12YYIX2X3 [ L P ] 
